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SUMMARY 

A n  experiment has  been performed i n  a  low speed wind- tu~lnel  t o  determine t h e  mean 
flow r e l a x a t i o n  c h a r a c t e r i s t i c s  f ~ r  a  ze ro  p r e s s u r e  g r a d i e n t  t u r b u l e n t  boundary l a y e r  
which encoun te r s  a  sma l l  forward f a c i n g  s t e p .  Of primary i n t e r e s t  is t' behaviour of 
t h e  l o c a l  w a l l  s h e a r  s t r e s s  downstream of  t h e  s t e p  and t h i s  has  been derermined by t h e  
use of  a  series of  b u r i e d  hot-wire gauges.  Tlie mean ve loc iky  p r o f i l e s  downstream o f  t h e  
s t a p  have been measured us ing  a  t r a v e r s i n g  P i t o t  t ube  and t h e s e  have i n e i c a t c d  t h a t  a  
s t e p  produces ve ry  marked changes i n  t h e  d i s t r i b ~ t i o n  f o r  bo th  t h e  i n n e r  and o u t e r  region5 
of t h e  flow. The r e s u l t s  shed new l i g h t  upon t h e  v a r i a t i o a  o f  w a l l  shea r  s t r e s s  <own- 
s t ream of  seve re  p e r t u r b a t i o n  a r d  a l s o  i n d i c a t e  t h a t  t h e  use of  P res ton  t u b e  o r  C lause r  
c h a r t  methods f o r  t h e  determinat ion of  w a l l  shea r  may l e a d  t o  very  l a r q e  e r r o r s .  A s  z 
c o n s i s t e r ~ c y  check on t h e  d a t a ,  e s t i m a t e s  of  t h e  s t e p  d rag  based upon force-momentum 
conse rva t io r  c - n s i d e r a t i c n s  have been compared wi th  p rev ious ly  pub l i shed  d rag  ba lance  
measure.mert,.  he agreement between t h e  d a t a  s e t s  is ve ry  good. 

NOTATION 

A,B c o n s t a n t s  i n  t h e  semi- logar i thmjc  i n n e r  u  v e l o c i t y  i n  t h e  x  d i r e c t i o n  
r eg ion  

- - UT f r i c t i o n  v e l o c i t y  (rW/p) 5 .  
A,B c o n s t a n t s  i n  t h e  b u r i e d  w i r e  gauge 

c a l i b r a t i o n  x ,y  coord ina te  system wi th  t h e  o r i g i n  a t  
t h e  s t e p  l o c a t i o n  - s e e  f i g u r e  1 

CD drag c o e f f i c i e n t  of t h e  s t e p  based upon 
s t e p  f r o n t a l  a r e a  and f ree-s t ream 6 he igh t  above t h e  w a l l  a t  which u  r eaches  
dynamic p r e s s u r e  ( $ P u _ ~  99.5% of  t h e  f ree-s t ream speed 

Cf s k i n  f r i c t i o n  c o e f f i c i e n t  ( T ~ / ~ P U , ~ )  8 boundary l a y e r  momentum t h i c k n e s s  

C p res su re  coef f l c i e n t  ( p - p , / + p ~ _ ~ )  
P 

v kinemat ic  viscosity 

E ou tpu t  vo l t age  from hot-wire b r i d g e  P d e n s i t y  

H boundary l a y e r  shape f a c t o r  T ahear  s t r e s s  

h  s t e p  h e i g h t  S u b s c r i p t s  

p  s t a t i c  p r e s s u r e  , w a t  t h e  w a l l  

A: Reynolds number - i n  t h e  und i s tu rbed  f ree-s t ream 

T temperature  

b,T d i f f e r e n c e  between hot-wire o p e r a t i n g  
ter-tperature and t h e  flow reLerence 
temperature  

I n  r e c e n t  yea r s  t h e r e  has  been cons ide rab le  i n t e r - s t  i n  r h e  possibili+.y of  d i r e c t  
man ipu la t io r~  of  t h e  s t r u c t u r e  of  t u r b u l e n t  bcundary l a y e r s  wi th  a  view t o  reducing t h e  
o v e r a l l  d r a g  of  a  g iven su r f?ce .  So f a r  t h o  ~ > ' ' o d s ,  which have p o t e n t i a l  a e r o n a u t i c a l  
a p p l i c a t i o n s  and which hcvi been shown t o  pcoduce modest b u t  r e p e a t a b l e  d rag  r educ t ions  
f o r  a t tac ' l sd  f u l l y  t u r b u l - n t  boundary layer : ,  have been i d e , ~ t i f i e d .  The f i r s t  i nvo lves  
t h e  use  r f  sma l l  streamwise w-11 r i b s ,  o r  r l b l e t s  (wa l sh l )  a h i l s t  t h e  second involves  t b e  
use  of  s i ~ g l e  t r a n s v e r s e  dev ices  which l o c a l l y  break up t h e  l a r g e  edd ies  i n  t h e  o u t e r  
p a r t  of  t h e  boundary l a y e r  (Hefner e t  a l i r .  These l a t t e r  dsvl -e l  a r e  co l l ec tCve ly  known 
a s  LEBt's - s t and ing  f o r  Large t3dy Break U p .  I t  appears  t n a t ,  u--d i n  con junc t ion ,  t h e s e  
tu rbu lence  mcd i f i c r s  could produce o v e r a l l  drag r educ t ions  of o r d e r  5 - 20% f o r  t y p i c a l  
c i v i l  a i r c r a f t  c c n f i g u r a t i o n s .  Th i s  l eve l  of  r educ t ion  may appear t o  be r a t h e r  smal l  b u t  
i n  a  r e v i e 1  paper ~ u s h n e l l ~  has  e s t ima ted  t h a t  a 20% reduc t ion  i n  f u s e l a g e  s k i n  f r i c t l o n  
€0: t h e  ~ r h o l e  of t h e  Unlted S t a t e s  CTOL c i v i l  a i r c r a f t  f l e e t  would r e s u l t  i n  an annual 
s av ing  O f  almost oile b i l l i o n  d o l l a r s  i n  f u e l  c o s t s  .rlone. A f i r ~ a n c i a l  i n c e n t i v e  of  t h i s  



magnitude should  provide  a  powerful argument i n  suppor t  o f  ccn t inued  r e s e a r c h  i n t o  t h e  
fundamental a s p e c t s  o f  t u r b a l e n t  boundary l a y e r  s t r u c t u r e .  

It seems t h a t  t h e  w a l l  r 51sts  and t h e  LEBUs o p e r a t e  on e n t i r e l y  d j i f e r e n t  p r i n c i p l e s .  
I n  t h e  f o r n ~ e r  case  t h e  d r a g  r e d u c t i o n  is a s s o c i a t e d  wi th  t h e  r i b l e t  aiid js f e l t  d i r e c t l y  
by t h e  r i b l e t .  The re fo re  a  s u r f a c e  w i l l  have minimum drag  i f  it is  complete ly  covered 
wi th  r ib l e t ; .  A LEBU is ,  b ne -e r ,  an i s o l a t e d  d i s t u r b a n c e  which i t s e l f  c a r r i e s  a  dracj 
pena l ty .  The immediate etfer: o r  t h e  LEBU is t o  reduce t h e  w a l l  s h e a r  s t r e s s  downstream 
of t h e  device .  Th i s  pertcrbecr w a l l  s h e a r  g r a d u a l l y  r e l a x e s  w i t h  i n c r e a s i n g  d i s t a n c e  
downstream and, conseque.*tly, a s u c c ~ s s f u l  LEBU is one f o r  which t h e  dev ice  d r ~ g  p lus  
t h e  i n t e g r a t e d  w a l l  shed. ' s  l e s s  than  t h e  i n t e g r a t e d  w a l l  shea r  f o r  t h e  und i s tu rbed  
flow. To d a t e ,  however, n'uch o f  t h e  LLBU work has  served mainly t o  h i g h l i g h t  t h e  ycner- 
a l l y  poor l e v e l  o f  unc';rstanding o f  t h e  behaviour of  non-equilibrium boundary l a y e r  
flows. I n  p a r t i c u l a r  Hefner e t  a12 r e p o r t  t h a t  t h e r e  i s  a  d e a r t h  of  d e f i n i t i v e  ( r e l i a b l e )  
d a t a  f o r  i n i t i a l l y  e l u i l i b r i u m  t u r b u l e n t  boundary l a y e r s  r e l a x i n g  f u l l y  t o  a  new e q u i l -  
ibrium, o r  s e l f - p r e s e r v i n g ,  s t a t e s  a f t e r  having exper ienced an ab rup t  change i n  borlndzry 
cond i t ion .  C l e a r l y  such a  r e l a x a t i o n  p rocess  is  o f  key importance i n  a  d r a g  reductnp 
system s i n c e  t h i s  -- t h e  r eg ion  i n  which t h e  w a l l  shea r  s t r e s s  f a l l s  below i ts  undis  lrbed 
value .  I t  is, p r imbr i ly ,  t h i s  b a s i c  l a c k  of  informat-on which has prompced t h e  p r e s e n t  
i n v e s t i g a t i o n .  

The experiment t o  be desc r ibed  i n  t h i s  paper r e v e a l s  some of  t h e  f e a t u r e s  of  t h e  
p rncess  by which a  f u l l y  t u r b u l e n t  boundary l a y e r ,  which has  i n i t i a l l y  developad under 
c m d l t t o n s  of  xe ro .F res su re  g r a d i e n t ,  r e t u r n s  t o  an equ i l ib r ium s t a t e  a f t e r  it has  
e n c o u n r e ~ e d  a  sma l l  Exward f ac ing  s t e p .  Th i s  p a r t i c u l a r  flow is of  i n t e r e s t  f o r  t h r e e  
b a s i c  reasons .  I n  t h e  f i r s t  i n s t a n c e  t h e  s t e p  a c t s  a s  a  one parameter  LEBU dev ice  s i n c e  
i t  c o n s t i t u t e s  a  'change i n  boundary c o n d i t i o n '  f o r  t h e  flow which r e s u l t s  i n  a  h igh ly  
l o c a l i s e d  and extremely s e v e r e  p r e s s u r e  p e r t u r b a t i o n  near  t h e  s u r f a c e .  Thererm\re, i n  
t h e  terms s u g g e ~ t c d  by Hefner,  t h e  r e c u l t i n g  r e l a x a t i o n  p rocess  is r e l e v a n t  tc. phys ic s  
o f  LEBUs i n  g e n e r a l ,  d e s p i t e  t h e  f a c t  t h a t ,  i n  t h i s  case ,  t h e  p r e s s u r e  f o r c e  on t h e  s t e p  
is t o o  l a r g e  f o r  t h e r e  t o  be a  n e t  r educ t ion  i n  drag.  The b a s i c  d r a g  of  t h e  s t e p  forms 
t h e  second reason f o r  i n t e r e s t  i n  t h i s  f low s i n c e  t h e  forward f a c i n g  s t e p  c o n s t i t u t e s  a  
s u r f a c e  imper fec t ion ,  o r  excrese~.Ce,  which i s  commonly found i n  a e r o n a u t i c a l  a p p l i c a t i o n s .  
Whi ls t  it has  been known f o r  many yea r s  t h a t  t h i s  t ype  of imper fec t ion  can produce 
s i g n i f i c a n t  d rag  increments  t h e r e  is  s t i l l  on ly  a  very  l i m i t e d  amount o f  des ign  i n f o r -  
mation a v a i l a b l e  - s e e  koung and p3t tersorb4.  The r e e u l t s  of t h i s  experiment w i l l  supple- 
ment t h i s  d a t a  base.  F i n a l l y ,  i n  r e l a t i o n  t o  t h e  b a s i c  problem o f  measuring local.  w a l l  
shea r  s t r e s s e s ,  t h e r e  a r e  now cortmercially a v a i l a b l e  hot- f i lm gawjes which can ba f i x e d  
d i r e c t l y  t o  t h e  P - r f a c e  under i n v e s t i g a t i o n .  S ince  t h e s e  gauges have f i n i t e  t h i c k n e s s  
t h e  upstream edge w i l l  const i tu ' ie  a  forwz-d f a c i n g  s t e p  which must d i s t u r b  t h e  f lcw 
l o c a l l y .  The re fa re ,  be fo re  t h e s e  gauges can be  used wi th  conf idence,  it is necessa ry  t~ 
q u a n t i f y  t h e  e f f e c t s  o t  t h e  s t e p  on t h e  flow a t  t h e  po in t  a t  which t h e  measuremerit of  
w a l l  shea r  is  made. 

THE EXPERIMENTAL ARRANC;EMENT AND TEST CONDITIONS 

The exper imenta l  arrangement and n o t a t i o n  a r e  sunnnarised i n  f i g u r e  1. T e s t s  were 
perfcrmed i n  a  low-speed wind t u n n e l  w i th  a  rrvrking s e c t i o n  11" wide and 7 "  high. I n  
o r d e r  t o  o b t a i n  a  t h i c k  v i scous  l a y e r  -he t e s t  boundary l a y e r  was t h a t  ge:lcrated on t h e  
f l o o r  of t h e  wurlcing s e c t i o n .  To smot-ch o u t  any spanwise non-uniformity in t roduced by 
n a t u r a l  t r a n s i t i o n  t h i s  boundary l a y e r  was t r i p p e d  by a  t r a n s s r r s e  wi re  0.060" Jn  
d ~ z ~ t e t e r  p laced 10" upstream of t h e  s t e p .  P a r t  of t h e  f l o o r  of  t h e  wind-tdnnel c o n s i s t e d  
o f  an  a l m i n i u m  p l a t e  36" long and 15" wide which was he ld  i n  p l a c e  by f o u r  screw jacks .  
These jacks  could chaaqe t h e  l e v e l  of  t h i s  s e c t i o n  of  t h e  f l o o r  i n  r e l a t i o n  t o  t h e  
upstream s e c t i o ~ r  which was f i x e d  r e l a t i v e  t o  t h e  t u n n e l  c o n t r a c t i o n  cone. Normally 
t h e s e   lac)^: a r e  used t o  enab le  t h e  p l a t e  t o  be s e t  f l u s h  wi th  t h e  r e s t  of t h e  f l o o r  o r  
t o  be  lowered f o r  removal and replacement.  However, f o r  t h e  p r e s e n t  ~:.perimp?t t h e  s i d e  
w a l l s  and roof  were c u t  s o  t h a t  t h e  p o r t i o n  of  t h e  wcrking s e c t i o n  ~ o r m a l l y  i n  c o n t a c t  
w i th  t h e  p l a t e  co3l.I be moved r e l a t i v e  t o  t h e  r e s t  of t h e  tunne l .  I n  t h i s  kay t h e  upstreem 
edge of t h e  aluminium p l a t e  served a s  t h e  s t e p  whose he igh t  could  be s e t  t o  any d e s ~ r e d  
l e v e l  simply by manipula t ing t h e  jacks .  Moreover, s i n c e  t h e  wa l l ?  and roof moved wi th  
t h e  p l & t e , t h e  geometr ica l  c r o s s - s e c t i o n a l  a r e a  of t h e  work'ng s e c t i o n  was c o n s t a n t  a t  a l l  
streamwise l o c a t i o n s  i r r e s p e c t i v e  of  t h e  he igh t  of t h e  s t e p .  T h i s  nean t  t h a t  t h e  dvramic 
p res su re  of t h e  f ree-s t ream would n o t  change i n  t h e  v i c i n i t y  of  t h e  s t e p  a s  a r e s u l t  of  
a  c n n t ~ n u i t y  c o n s t r a i n t  imposed by t h e  tunne l  wa l l s .  A.1 a d d i t i o n a l  f e a t u r e  of  t h i s  
t unne l  was t h a t  cne  of  t h e  s i d e w a l l s  could be moved, a s  i n d i c a t e d  i n  f i g u r e  i. There- 
f o r e  it was p o s s i b l e ,  by us ing  t h e  wa l l  t o  balance  f a r  upstream and f a r  downstream 
s t a t i c  p re s su res ,  t o  ensu re  t h a t  f low beyond t h e  s t e p  was r e l a x i n g  under c t n d i t i o n s  
which were t h e  same a s  t n o s e  i n  which t h e  flow ahead of t h e  s t e p  had developed. 

Reference cond i t ions  f o r  t h e  t e s t s  were determined by a  wa l l  mounted P i t o t  t ube  and 
a  s t a t i c  p re s su re  tap! ng on t h e  f l o o r  of t h e  t u n n z l  - t h e s e  beinq p o s i t i ~ n e r l  4.00" and 
2.32" upstream of th  z r .  S t a t i c  p r e s s u r e s  were measured on t h e  test s u r f a c e  a t  
v a r i o u s  p o s i t j d n s  dc -ream of t h e  ~ c f e r e n c e  s t a t i c  ta?ping. Dtwnstzeam of t h e  s t e p  
( i . e .  on t h e  removab. aiuminium p l a t e )  a  s e r i e s  of f l u s h  mcci~ted hot-wire gauges of t h e  
type  desc r ibed  oy Rubasin e t  a15 were mounted a t  t h e  p o s i t i o n s  i n d i c a t e d  i n  f i q u r e  1. 
These were used t o  measure l o c a l  w a l l  shea r - s t r eos  and wzre run ir, t h e  c o n s t a n t  temper- 
a t u r o  mode wi th  power beirlg provided by a  ha.lk of convent ional  hot-wire anemometer 
b r i a q e s .  F i n i l l y ,  t h o  tunne l  has  a  traversi1.g mechanism which allowed t h e  nieasuremcnt 
o f  t h e  mean v e l o c i t y  p r o f i l e s  wi th  a  smal l  f l a t t e n e d  " i t o t  tube .  

The f r e e - s t r e a n  cond i t ions  and t h c  s t e p  h e i g h t s  used i n  t h e s e  t e s t s  a r e  summarised 



i n  tab1.e 1. 

THE CALIBRATION OF THE FLUSH MOUNTED HOT-WIRES 

One of t h e  most s i g n i f i c a n t  f e a t u r e s  of t h e  p resen t  i n v e s t i g a t i o n  was t h e  use  of 
f l u s h  mounted,or bu r i ed ,  hot-wire gauger f o r  t h e  measurement 3f w a l l  s h e a r - s t r e s s .  
Although t h e s e  dev ices  measure t h e  s t r e s s  ' i n d i r e c t l y '  i .e .  through a r e l a t i o n  1inkir.g 
s t r e s s  t o  convec t ive  h e a t  t r t u ~ s f e r  r a t e ,  t h e i r  performance does  n o t  r e q u i r e  t h e  mean 
v e l o c i t y  p r o f i l e  t o  e x h i b i t  any s p e c i a l  f e a t u r e s  e.g. a u n i v e r s a l  law of  t h e  wa l l .  S ince  
t h e  p r o f i l e s  under i n v e s t i g a t i o l j  were i n i t i a l l y  non-equilibrium i- was f e l t  t h a t  t h e  u s e  
of  Pres ton t u b e s  o r  Clauser  c h a r t s  was e s s e n t i a l l y  u ' l j u s t t f i a b l e  and t h a t  tire hot-wire 
gauge was t h e  on ly  p r a c t i c a l  a l t e r n a t i v e .  

The g tuges  were c a l i b r a t e d  ' i n  s i t u '  u s ing  t h e  w a l l  s h e a r - s t r e s s  d i s t r i b u t i o n  f o r  
t h e  und i s tu rbed  boundary a s  determined by P res ton  tt-& P. t y p i c a l  c a l i b r a t i o n  is  '? 8. p resen ted  i n  f i g u r e  2. A s  suggested by Rubesln e t  a!. t h e  c a l i b r a t i o n  law is of  t h e  form 

I n  f i g u r e  2 ,  however, t h i s  r e l a t i o n  is inve r t ed  and p resen ted  a s  T, v e r s u s  E ~ / A ' T .  T h i s  
d i r e c t  form immediately r e v e a l s  an  inhe ren t  problem f o r  t h i s  t ype  of gauge namely t l ~ a  
extreme s e n s i t i v i t y  of t h e  i n d i c a t e d  va lue  f o r  s h e a r  s t r e s s  t o  e r r o r s  i n  E$/AT. I n  t h e  
example given it is c l e a r  t h a t  a 1% e r r o r  i n  E ~ / A T  l e a d s  t o  a 20% e r r o r  i n  rw, Conse., 
quen t ly ,  it is e s s e n t i a l  t h a t  E ~ / A T  be  known t o  a h igh dea rge  of  accuracy. I n  p r i n c i p l e ,  
it i e  p o s s i b l e  t o  measirre t h e  E2 component t o  w i t h i n  t h e  necessary  l i m i t s  but t h e  
evaluat iorr  of  AT possess  a more s e r i o u s  problem. I n  a c losed  wind-tunnel t h e  temperature  
of  t h e  a i r  t ends  t o  i n c r e a s e  wi th  t ime  and t h e r e  is  a l ~ o  a v a r i a t i c n  of  t h e  t empera tu re  
o f  t h e  aluminium p l a t e .  S ince  t h e  lnaximum o p e r a t j q g  temperature  of t h e  r:ie:e was 
approximately  600C (determined by t h e  p r o p e r t i e s  of t h e  s u b s t r a t e )  and t h e  ambient 
temperature  of t h e  a i r  w i th in  t h e  t u n n e l  was about 20°c, the? t o  gua ran tee  t h e  accuracy 
o f  t h e  shea r  s t r e s s  t o  w i t h i n  t 5 %  r e q u i r e s  t h a t  t h e  s u r f a c e  r e f e r e n c e  temperature  f o r  t h e  
gauge must be known' t o  wi th in  O.loC. I n  t h e  p r e s e n t  s e r i e s  o f  t e s t s  t h i s  s u r f a c e  
referen.:e temperature  was obtained by us ing  t h e  moct downstream hot-wlre gauge a s  a 
r e s i s t a n c e  thermometer. Despi te  t h i s ,  r epea ted  c a l i b r a t i o n s  i n d i c a t e d  t h a t  t h e  s h e a r  
s t r e s s  accuracy was l i m i t e d  t o  *lo%. However, it was f e l t  t h a t  i n  f u t u r e  t e s t s  t h i s  
f i g u r e  could w e l l  be  improved .upoil. 

EXPERIMENTAL RESULTS 

a )  Undisturbod Boundary Layer 

The v a r i a t i o n  of s k i n  f r i c t i o n  c o e f f i c i e n t  (Pres ton t u b e ) ,  momentum t h i ~ k n e s s  and 
shape f a c t o r  wi th  p o s i t i o n  f o r  a fj:.-d f ree-s t ream u n i t  Reynolds number a r e  p resen ted  i n  
f i g u r e s  3.4 and 5 r e s p e c t i v e l y .  Figurs, ~d 7 show t h e  v e l o c i t y  p r o l i l = s  p l o t t e d  i n  
' law o f  t h e  w a l l '  form and i n  ' v e l o c i t y  d e f e c t '  form. These r e s u l t s  show t h a c  t h e  
und i s tu rbed  boundary l a y e r  e x h i b i t s  t h e  u s u a l  mean flow cha rac te= ; . s t i c s  o f  a t u r b u l e n t  
zero-pressure  grad! en' boundary l aye r .  

b )  Sur face  P r r s s u r e  D i s t r i b u t i o n  

The s u r f a c ?  p r e s s u r e  d i s t r i b u t i o n s  f o r  v a r i o u s  s t e p  h e i g h t s  a r e  shown i n  i i g a r e  8 
where t h e  streamwise coord ina te  x has  been nonnal ised wi th  r e s p e c t  t o  t h e  s t e p  h e i g h t ,  h. 
Also sbown f o r  comparison is  t h e  r e s u l t  according .io i n v i s c i d  flow theory  - s e e  Milne- 
~homson6. I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t ,  d e s p i t e  t h e  f a c t  t h a t  t h e  p r e s s u r e  i t  a 
f i x e d  v a l u e  o f  x/h i n c r e a s e s  s l i g h t l y  wi th  i n c r e a s i n g  h/e,  t h e  s u r f a c e  p r e s s u r e  d i s t r i -  
bu t ion  c l o s e l y  fo l lows  t h e  behaviour of t h e  i n v i s c i d  s o l u t i o n .  These d i s t r i b u t i o n s  
c l e a r l y  show t h e  s t r e n g t h  of t h e  p res su re  p e r t u r b a t i o n  in t roduced by t h e  s t e p .  However, 
it should  a l s o  be apprec ia t ed  t h a t  t h i n  p e r t u r b a t i o n  decays very  r a p i d l y  w!'h d i s t a ~ c e  
normal t o  t h e  su r face .  The i n v i s c i d  s o l u t i o n  decay r a t e  su j r j e s t s  t h a t  t h e  . . ' e s su re  
p e r t u r b a t j o n  w i l l  have v i r t u a l i y  d i s a p p e a ~ e d  a t  t h e  edge of  t h e  boundary l a y e r .  There- 
f o r e ,  i i i  t h e  v i c i n i t y  of t h e  s t e p ,  t h e  assumption t h a t  ap/ay is  equa l  t o  z e r o  w i t h i n  t h e  
boundary l a y e r  is  nGt r p p l i c a b l e .  As a r e s u l t  of t h i s  d i f f i c u l t y  no s k i n  f r i c t i o n  o r  
v e l o c i t y  p r , > f i l e  measurements were made a t  an  x/h of  l e s s  than  6. 

C)  Wall Shear S t r e s s  D i s t r i b u t l o n  

Tile dist .r ibut ' .on of  w a l l  shea r  s t r e s s  f o r  t h e  v a r i o u s  s t e p  h e i g h t s ,  a s  i n d i c a t e d  
by t h e  bu r i ed  hot-wire gauges,  is g iven  i n  f i g u r e  9.  Perhaps t h e  most n o t a b l e  f e a t u r e  
i s  t h e  comp1et.e i n s e n s i t i v i t y  of 7, t o  t h e  h e i g h t  of t h e  s t e p .  I n  a l l  c a s e s  t h e  w a l l  
s h e a r - s t r e s s  has  r e tu rned  t o  wi th in  r10% of t h e  undis turbed va lue  by t h e  f i r s t  measurinq 
s t a t i o l i  (0.768" downstream of t h e  s t e p ) .  

d )  Momentum Thickness Reynolds Number 

F igure  10  shows t h e  v a r i z t i o n  of  momentum t h i c k n e s s  Reynolds number wi th  downatrean 
p o s i t i o n  f o r  s e v e r a l  s t e p  ne tgh t s .  Although t h e  d a t a  e x h i b i t  a l i t t l e  s c a t t e r  it i s  
q u i t e  c l e a r  t h a t ,  downstream of t h e  a r e a  i n  which t h e  s t e p  produces a s i g n i f i c a n t  wal l  
p r e s s u r e  pertu::hation, t h e  development of Re is p a r a l l e l  t o  t h a t  f o r  t h e  no-step cond i t ion  
Far  downstream from t h e  rrtep t h e  p r e s s u r e  g r a d i e n t  is ,very smal l  and tendinq t o  ze ro ,  
t h e r e f o r e ,  from t h e  two-dimensional momentum i n t e g r a l  e q u a t i r n  - 



Hence the parallel trends for Re versus Rx indicate that the values of Cf (and hence r 1 
have returned to the undisturbed levcis. This is in agreement with the result. from tKe 
buried hot-wire gauges (figure Q ) .  

e) Mean Velocity Profiles 

An overall impression of the effect of the step on the mean velocity profiles may 
be obtaine,' from a plot of shape factor, H, veraus distance downstream of the step. This 
ts given in figure 11. These data show that the qreater the step h d q h t  the larger the 
distortion suffered by the mean velocity profile. However, the relaxation length does 
not appear to depend upon step height. The data show that, no matter what the value of 
h, the shape factor has returned to the undisturbed talue approximately 10 inches, or 256, 
downstream of the step. As an examplr of the actual velocity profiles figures 12 and 13 
show the relaxation process'for a step height of 0.124" in both 'law of the walle and 
'velocity defect' form. In both these cases the wall shear-stress used for the data 
reduction is that qiven by file buried hot-wire gaugaa. It is clear that, in both figures, 
the initial deviation frcm the undisturbed distributions is large but that the relaxation 
process is complete at 10" from the step. 

$ 

DISCUSSION 

The use of buried hot-wire gauges for the measurement of local wall shear-stress has 
shed new light on the relaxation process for a boundary layer perturbeir by a ztep. Data 
presented in figure 9 show that even the largest st.ep considered in this investigation 
failed to produce a detectable deviation from the undisturbed level even though the first 
measuring station was only 6.h downstream of the step. Therefore, it appears that any 
relaxation of the wall shear-stress is very rapid indeed - of the order 1 t? 2 boundary 
layer thicknesses rather than the 20 to 306 suggested by the survey of Hefner et a12. 
It should be noted, however, that the present findings are in good agreement with the 
experiments of Kiske et a17 who measured wall shear-stress distributions downstrean of 
roughness jumps and sudden enlargnments in channels. Their results also show that 
significant  change^ in TW only occur in the immediate vicinity of the perturbation. 
the present case we note that the mean boundary layer profiles are considerably alt red 
by the presence of the step and that the relaxation length for both 'innere and 'out ' 

close to the wall which is of the form - 
vn 

regions is of order 256. From figure 12 it can be seen that although there is a region 

u Y % = A LOG (%) + B 
U T 

The valcrs of h and B do not corre-gond to the generally accepted 'universal' values 
urtil the rej~xation process for the mean profile is complete. Therefore if the wall 
shear-stress in che vicinity of the step had been determined by the Preston tube or 
Clauser plot P-thods then Cf would have been seriously underestimated. For example, 
using the Lrr~t neasuring station data qiven in figure 12, thesn techniques would yield 
a skin frictinn coefficient approximately 30% lower than that indicated by the buried 
hot-wire Sauge ~t the same location. Since the uncertainty of the buried hot-wire gauge 
is only ti00 it seems uniikely that this difference couid be accounted for in terms of 
measurement error. Moreover, the apparent discrepancies in the use of the Prenton tube 
and Clauser methods in the present case are similar in magnitude to those noted by 
Kiske et a17 in their experiments. The clear implication is that, in work on LEBUs or 
other drag reducirg devices, skin friction in the immediate vicinity of tb- perturbation 
should not be determined by either standard Preston tube or Clauser chart methods. 

As staced 1" the introduction there is s.me interest in the forward facinq step as 
a source of extra drag, i.e. excrescence drag, in aeronautical applications. Previoris 
mcasureme~:ts -i the drag of steps have heen carried out by mounting steps on a very 
sensitive drac u3Iaace and data have been presented by Gaudet and ~ohnsonB. In the pre- 
sent case co'lsicte :ton of the force and munentum balance for a control volrune which 
includes Lhe s:er wcextends sufficiently far upstream, downstream and normal to the 
test surface 'or the static pressure to be uniform over thole faces of the volume which 
are in the flcld ,edds to the conclusion that - 

In this relation %is the drag coefficient of the step based upon the step frontal area, 
Cf is the undisturbed skin friction coefficient ,dt the step location, h is the step 
height and is the difference between the distdrbed and undisturbed momentum thickness 
at the dwnstream ~ n d  of the controi volume. The above relation was used to compute the 
drag of the step from the data presented in fiqure 10 and the results are presented in 
figure 14 in the form CD/Cf versus log . Also shown in fiqure 14 is the empirical 
relation proposed by Gaudet and Johnsoniui:&:her with the scatter bands for +he data 
upon which this relation was based. The preserit results lie well within the bounds of 
the Gaudet and Johnson results and, in general, support the balance data and the suggested 
empiric .1 relation. 



F i n a l l y ,  r ega rd ing  t h e  ume o f  rormaercially produced ' g l u e  on'  hot - f i lm probes  f o r  
t h e  measurement o f  l c c a l  w a l l  s h e a r - s t r e s s ,  t h e  r e s u l t s  p re sen ted  i n  f i g u r e  9 s u g g e s t  
t h a t ,  provided t h e  t h i c k n e s s  o f  t h e  s u b s t r a t e  is  such t h a t  - 

t h e  i n d i c a t e d  rW w i l i  b e  e q u a l  t o  t h e  s h e a r - s t r e s s  o f  t h e  und i s tu rbed  s u r f a c e  (*lo\).  
I n  view o f  t h e  c o n s i d e r a b l e  convenience  of t h e  ' g l u e  on'  t y p e  probe  compared w i t h  t h e  
f l u s h  mounted t y p e  used i n  t h p  exper iment  t h i s  r e s u l t  is o f  c o n s i d e r a b l e  p r a c t i c a l  
importance.  

CONCLUSION 

T h i s  expe r imen ta l  i n v e s t i g a t i o n  h a s  shown t h a t  a  sma l l  forward f a c i n g  s t e p  produces 
a  s i g n i f i c a n t  change i n  t h e  mean f l cw  c h a r a c t e r i s t i c s  o f  a  z e r o  p r e s s u r e  g r a d i e n t  
t u r b u l e n t  boundary l a y e r .  The s t e p  induces  a  p r e s s u r e  p e r t u r b a t i o n  i n  t h e  v i c i n i t y  o f  
t h e  w a l l  whose s t r e n g t h  i n c r e a s e s  w i t h  i n c r e a s i n g  v a l u e s  of t h e  s t e p  h e i g h t  t o  boundary 
l a y e r  t h i c k n e s s  r a t i o .  T h i s  p r e s s u r e  p e r t u r b a t ~ q n  d e c r e a s e s  r a p i d l y  w i t h  i n c r e a s i n g  
downstream d i s t a n c e  and,  f o r  t h e  s t e p  h e i g h t s  cons ide red ,  und i s tu r5ed  p r e s s u r e  l e v e l s  
a r e  r ega ined  a t  between 2  and 10 boundary l a y e r  t h i c k n e s s e s  downst r tm,  o f  t h e  s t e p .  'The 
i n i t i a l  d i s t o r t i o n  o f  t h e  mean v e l o c i t y  p r o f i l e s  a l s o  i n c r e a s e s  w i t h  : nc reas ing  s t e p  
h e i g h t  b u t  t h e  r e l a x a t i o n  p roces s  t a k e s  p l a c e  o v e r  a  l e n g t h  o f  8pproxin . r te ly  256 
i r r e s p e c t i v e  o f  t h e  s t e p  h e i g h t .  By measuring t h e  w a l l  s h e a r - s t r e s s  i n  rhe  r e l a x a t i o n  
zone w i t h  b u r i e d  hot-wire gauges  it h a s  been shown t h a t ,  when p l o t t e d  i n  i n n e r  r e g i o n  
v a r i a b l e s  t h e  v e l o c i t y  p r o f i l e  c l o s e  t o  t h e  wal l  e x h i b i t s  a  s e m i - l o g a r i t h m ~ c  behaviour  
b u t  t h i s  does  n o t  correspond t o  t k e  ' u n i v e r s a l '  d i s t r i b u t i o n .  The d a t a  i n d i c a t e  t h a t  
t h e  u n i v e r s a l  law of t h e  w a l l  is  r ega ined  a f t e r  256. R e s u l t s  ob ta ined  from '.he bu r i ed  
w i r e  gauges  a l s o  i n d i c a t e  t h a t  t h e  wa l l  s h e a r - s t r e s s  r e c o v e r s  i ts undiaturbetl .  v a l u e  
ve ry  r a p i d l y  - i n  t h i s  exper iment  t h e  recovery  Gie t ance  was less t h a n  26. T h i s  is a  
d i s a p p o i n t i n g  r s s n l t  from t h e  d r a g  r e d u c t i o n  p o i n t  o f  view. I n  a d d i t i o n  t h e s e  ohserva-  
t i o n s  sugges t  t h a t  t h e  u s e  of s t anda rd  P re s ton  t b b e  o r  C lause r  c h a r t  methods f o r  t h e  
e s t i m a t i o n  of w a l l  s h e a r  i n  pezturbec? boundary l a y e r s  may l e a d  t o  ve ry  l a r g e  e r r o r s .  
Consequently,  t h e s e  t echn iques  a r e  n o t  recommended f o r  u s e  i n  e v a l u a t i n g  t h e  p e r f c m a n c e  
o f  LEBU dev ices .  The r e s u l t s  o f  t h i s  i n v e s t i j i a t i o n  do, however, i n d i c a t e  t h a t  a c c u r a t e  
w a l l  s h e a r - s t r e s s  measurements can be made w i t h  'qlue-on'hot-fi lm gauges  provided t h a t  
t h e  s u b s t r a t e  t h i c k n e s s  is  such t h a t  it l i e s  w i t h i n  t h e  'law o f  t h e  w a l l r  r e g i o n  f o r  t h e  
und i s tu rbed  boundary l a y e r .  

F i n a l l y ,  t h e  d e t a i l e d  measurements o f  t h e  boundary l a y e r  r e l a x a t i o n  p roces s  have 
been used t o  e v a l u a t e  t h e  d rag  of t h e  s t e p s  from c o n s i d e r a t i o n s  of t h e  force-momentum 
exchange t a k i n g  p l a c e  w i t h i r  a  l a r g e  c o n t r o l  volume. The i n f e r r e d  v a l u e s  have been found 
t o  be  i n  good agreement w i th  p r e v i o u s l y  pub l i shed  d a t a  o b t a i n e d  by an  a c c u r a t e  d r a g  
b a l m - e  t echn ique .  
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Table 1 - A sunmary of the test conditions 
Free-stream unit Reynolds number 0.444 x 1o5(1/ins) 
undisturbed boundary layer thickness at step 10catic.11 0.410 (ins) 
undisturbed momentum thickness at step location 0.034 (ins) 
undisturbed skin friction coefficient at step location 0.00405 

step height 
h (ins J 

0.037 0.090 
0.070 0.171 
0.097 0.237 
0.124 0.302 248 
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Figure 1. The oxporimntal arrangement and notation. . 

Figur 2. Calibration curve for the buried hot-wire gauge at 
x = 0.786 inches 
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Figure 3. The variation of the skin friction coefficient with position for the 
undisturbed boundary layer. 
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Figure L. The development of momentum thickness in the undisturbed boundary 
layer. 

F i r e  5. The development of the shape factor in the undisturbed boundary layer. 



Figure 6. Tile mean velocity distribution through the undisturbed 
boundary layer in inner layer coordinates. 
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Figure 7. The mean velocity distribution through the undisturbed 
boundary layer ill velocity defect form. 
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Figure 8. The variation of surface pressure for various step heights at fixed free 
stream unit Reynolds number. 
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Figure 9. The variation of wall shear stress downstream of the step 
as indicated by the burid hot-wle gauges. 

Figure 10. TLw development of the momentum thickness Reynolds 
number downstream of the step. 
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Figure 11. The relaxation of the profik shape factor downstream of the step. 
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Figure 1 ~ .  The relaxation of the mean velocity profile in inner layer 
coordinates. 
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Figure 13. The relaxation of the rnean velocity profile in velocity 
defect form. 

Figure 14. The dependence of s:ep drag upor! step height. 




